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The depression of EMG amplitude may be explained by several neural and muscular adjustments during fatiguing contractions, including decreased net neural drive to the muscle, changes in the shape of the motor unit action potentials, and EMG amplitude cancellation. The changes in these parameters for the entire motor unit pool, however, cannot be measured experimentally. The present study used a computational model to simulate the adjustments during sustained isometric contractions and thereby determine the relative importance of these factors in explaining the submaximal levels of EMG amplitude at task failure. The simulation results indicated that the amount of amplitude cancellation in the simulated EMG (ϳ40%) exhibited a negligible change during the fatiguing contractions. Instead, the main determinant of the submaximal EMG amplitude at task failure was a decrease in muscle activation (number of muscle fiber action potentials), due to a reduction in the net synaptic input to motor neurons, with a lesser contribution from changes in the shape of the motor unit action potentials. Despite the association between the submaximal EMG amplitude and reduced muscle activation, the deficit in EMG amplitude at task failure was not consistently associated with the decrease in neural drive (number of motor unit action potentials) to the muscle. This indicates that the EMG amplitude cannot be used as an index of neural drive. muscle fatigue; task failure; surface electromyography; first dorsal interosseus; metabolites; neuromuscular modeling THE AMPLITUDE OF THE SURFACE electromyogram (EMG) depends on the number and amplitude of motor unit action potentials (MUAP) and is often used as an estimate of the neural drive to the muscle (3, 45, 56) . When a subject can no longer maintain an isometric contraction at a submaximal target force, however, EMG amplitude does not reach the level achieved during brief maximal voluntary contractions (MVC) performed before the fatiguing contraction (10, 30, 46, 50, 54) despite a voluntary effort that is presumed to be similar in both conditions. The reasons for this discrepancy have not been identified.
Several adjustments during a fatiguing contraction can contribute to the submaximal EMG amplitude at task failure.
These adjustments include both those factors that influence motor unit activity and those that modulate the characteristics of the motor unit action potentials in the muscle. As fatigue develops, the motor neuron pool receives less excitatory afferent input due to an increase in feedback transmitted by chemically sensitive type III and IV afferents (9, 31) and a reduction in feedback from stretch-sensitive afferents (19) . In addition, the output from the motor cortex may become compromised as the contraction progresses (59) . These adjustments in synaptic inputs, possibly combined with changes in intrinsic motor neuron properties (52) , are presumably responsible for the gradual decline in motor unit discharge rate that is usually observed during sustained submaximal contractions (8, 10, 13, 32) . As these tasks typically require an individual to sustain a target force, the decrease in discharge rate is counterbalanced by the recruitment of additional motor units.
The changes that occur in the muscle during sustained submaximal contractions, such as the accumulation of potassium in the extracellular space, influence both the velocity at which the intracellular action potentials propagate along the muscle fibers (motor unit conduction velocity) and the duration and amplitude of the motor unit action potentials (18, 25, 33, 36, 43) . As EMG amplitude corresponds to the sum of motor unit action potentials, changes in the amplitude and duration of motor unit action potentials could influence the summation of the positive and negative phases of the motor unit action potentials (26, 41) and thereby modulate EMG amplitude independent of the output from the spinal cord. Due to technical constraints, it is not possible to measure or systematically control all the parameters that can influence EMG amplitude in experimental conditions. For example, current recording techniques can detect the activity of relatively few motor units, and measurements of conduction velocity are usually only possible for the most superficial motor units. Moreover, the degree of amplitude cancellation is difficult to assess in experimental conditions (11, 26, 41) .
The aim of the study was to investigate the relative importance of these factors in explaining the submaximal EMG amplitude at task failure during the simulation of an isometric contraction sustained at a submaximal target force. Similar to a previous study (16) , the present study was based on a model of the motor unit activity during sustained isometric contractions (15) that was combined with a model of surface EMG generation (24) . The model was expanded in the present study to simulate those adjustments that constrain EMG amplitude at task failure by including antagonist muscle activity and motor unit conduction velocity.
METHODS
The model was intended to characterize the first dorsal interosseus muscle (FDI; index finger abductor) and its principal antagonist, the second palmar interosseus (SPI) muscle. The FDI, which comprises ϳ120 motor units, has been the subject of several previous modeling studies (5, 29) , mainly because it is largely responsible for the abduction force exerted by the index finger. The simulated upper limit of motor unit recruitment was set at ϳ60% MVC force. The proposed model can, however, be adapted to represent other muscles.
Motor unit activity. The model of motor unit recruitment and rate coding and the force exerted by the simulated muscle during fatiguing contractions has been reported previously (15) . Therefore, only the main principles of the model relevant to the present study are briefly summarized here. The neural and muscular adjustments during fatiguing contractions were implemented as functions of the metabolite concentration within each muscle fiber and in the extracellular space, using a compartment model approach. Metabolite production was related to the instantaneous muscle activity, and the metabolites were able to diffuse across cell membranes and to be removed in the blood supply. The simulated concentrations were related to the increase in the level of inhibitory afferent feedback, the decline in the amplitude of the twitch force, and the inability of the central nervous system to maintain the target force as fatigue developed. Furthermore, the experimentally observed inability of the motor cortex to produce maximal output during prolonged, sustained contractions (20, 59) was included in the model. Based on these principles, the model was able to simulate experimentally observed trends in parameters, such as time to task failure, changes in recruitment thresholds, trends in motor unit discharge characteristics, and force variability (15) .
Antagonistic muscle activity. Besides the increase in agonist EMG amplitude, sustained isometric contractions involve a gradual increase in the EMG amplitude for antagonist muscles (47, 55) , which requires a further increase in the agonist muscle activation to maintain the target force. To simulate the contribution of the antagonist muscle to the joint force, the descending drive to the antagonist muscle was increased over time to reproduce trends in EMG (expressed as percentage of MVC amplitude) for the antagonist that were similar to those observed experimentally for the SPI during sustained index finger abduction at target forces of 20 and 60% MVC (47) . The resulting antagonist force was subtracted from the simulated FDI force to obtain the net muscle force. The model for SPI corresponded to a scaled-down version of the one for FDI, as SPI has approximately one-half the cross-sectional area of FDI (38) .
Motor unit conduction velocity. The simulation of changes in motor unit conduction velocity was added to the model (15) by expanding a previous description of the changes in conduction velocity during fatiguing contractions (16) . As motor unit conduction velocity depends on motor unit size (2), discharge rate (51) , and the degree of muscle fatigue (25, 33, 36, 43) , these factors were incorporated in the simulations. Nishizono et al. (51) described the relation between average motor unit conduction velocity and discharge rate (MUCVDR) with the equation:
where DR denotes the instantaneous discharge rate (calculated as the mean value in 500-ms epochs), i represents motor unit number, and t indicates time. The dependence of conduction velocity on motor unit size contributes to the distribution of conduction velocity values across the motor unit pool. However, values for the distribution of conduction velocity are difficult to infer from experimental studies. For example, the different results obtained across muscles, such as tibialis anterior (22, 36) , vastus medialis and lateralis (25) , biceps brachii (43) , and abductor pollicis brevis (33) , are presumably attributable to differences in fiber-type proportions and average discharge rate, and may be biased by inadequate sampling of the entire motor unit pool. Despite the variability in experimental results, the standard deviation for conduction velocity across motor units is often reported in the range 0.1-0.4 m/s (22, 35, 43) . A similar variability can be obtained in simulations by introducing a size dependence in motor unit conduction velocity (MUCV size), as described by the following equation:
where Gs denotes the size gain (set to 3.8·10 Ϫ3 ), V indicates the motor unit volume (see Equation 1 in Ref. 15) , and V represents average motor unit volume.
The fatigue-dependent decline in motor unit conduction velocity was related to the simulated extracellular metabolite concentration. Thus the fatigue-induced decline in conduction velocity was similar for all motor units, including those that were not active, as observed experimentally (33, 36, 43) . Therefore, motor units recruited during the contraction exhibited an initial conduction velocity that was less than initial values.
The fatigue-dependent decline in conduction velocity is usually observed as an initial linear decline that saturates at ϳ3 m/s (25, 33, 48) . As some of this decline can be explained by a decrease in discharge rate, the direct influence of muscle fatigue on conduction velocity is difficult to estimate. By applying Eq. 1 to the experimentally observed decline in discharge rate during a 20% MVC contraction sustained for 240 s, as reported by Klaver-Król et al. (43) , the expected decline in conduction velocity due to discharge rate alone can be estimated. The difference between this estimated decline and the observed decline in conduction velocity (43) was assumed to be exclusively due to muscle fatigue. With this approach, it was estimated that ϳ70% of the decline in conduction velocity could be Fig. 2 . Synaptic input to a medium sized motor unit (unit 70) expressed as a percentage of the maximum level (A), the discharge rates for motor unit 1 (dots) and motor unit 100 (crosses) (B), and the surface EMG (C) during the sustained contraction at 20% maximal voluntary contraction (MVC). The net synaptic input (bold line in A), which is the sum of the descending drive and the inhibitory and excitatory afferent input, fails to reach the maximum level at task failure. The synaptic input is shown as mean values in 4-s windows, which masks the fluctuations in synaptic noise. Motor unit 1 exhibited a slight decrease in discharge rate, whereas motor unit 100 was recruited during the contraction at ϳ340 s and increased its discharge rate (B). The results in A and B are directly related to the parts of the model described in Ref. 15 . au, Arbitrary units. (20, 40 , and 60% MVC force). The times to task failure for the contractions at 20%, 40%, and 60% MVC were 520, 190, and 83 s, respectively. The error bars indicate the variability attributable to the 10 different motor unit locations. The results in A are directly related to the parts of the model described in Ref. 15. attributed to the decrease in discharge rate, with the remainder due to muscle fatigue. The size-dependent term (Eq. 2) was neglected in this approach as it was assumed that the sample of motor units identified in Ref. 43 was representative of the motor unit population.
Next, the extracellular metabolite concentration was simulated for a 240-s contraction at 20% MVC force with the proposed model to derive a relation between the extracellular metabolite concentration in the model and the decline in conduction velocity due to fatigue. This relation was used to fit the initial slope of a function that declined from 1 to a final value of 0.65 (root mean square error: 0.0027), which corresponded to a minimal value between 2.7 and 3 m/s for motor unit conduction velocity across the motor unit pool, as described by the following equation:
where MC ES is the simulated extracellular metabolite concentration. Based on Eqs. 1-3, the instantaneous motor unit conduction velocities (MUCV) were obtained by the following equation:
Surface EMG model. The EMG signal was generated using simulations of motor unit action potentials generated by the surface EMG model developed by Farina et al. (24) . The model parameters were adopted from a previous modeling study on the FDI (41) and are summarized in Table 1 . The modeled muscle tissue was anisotropic and more conductive in the longitudinal fiber direction than in the other directions (anisotropy ratio ϭ 5), whereas the subcutaneous and skin tissues were isotropic. Similar to previous studies (41), the muscle fibers belonging to each MU were modeled in a circular distribution with a mean density of 20 fibers/mm 2 . The simulations were achieved with a 4 ϫ 6 mm monopolar electrode that was positioned halfway between the innervation zone and the tendon attachment. Each action potential was simulated 10 times with different randomly assigned locations of the motor unit in the muscle, thereby varying the distance from the source to the electrode to simulate the differences in EMG amplitude observed across subjects in experimental conditions.
The progressive changes in the shape of the intracellular action potentials during the development of fatigue were expanded from the 5 discrete steps described by Dimitrova and Dimitrov (18) to 12 steps by interpolation of the shape parameters. Figure 1 , A and B, depicts a simulated extracellular recording of an action potential for one motor unit and its power spectral density for different degrees of fatigue (steps 1, 6, and 12). Figure 1 , C and D, shows the action potential of the same motor unit at three locations in the muscle (equivalent to three distances from the recording electrodes). Both the amount of fatigue and the distance to the electrode compress the power spectrum and alter the power of the action potential.
Each of the 12 fatigue steps was related to a value for motor unit conduction velocity distributed between 4.8 and 2.7 m/s. A nonlinear distribution between the steps was used (18) . As these values were based on observations on low-threshold motor units (34) , the sizedependent variability in motor unit conduction velocity (described by Eq. 2) was applied to map the threshold values to motor unit size.
After generating the action potential shapes, the EMG signal was simulated with the model for motor unit activity by summing the action potentials at the discharge times of each active motor unit. To estimate the degree of amplitude cancellation, a second EMG signal was generated in which the action potentials were rectified prior to summation, thereby eliminating the cancellation that occurs when opposite phases are summed. The relation between these two simulated EMG signals indicated the amount of amplitude cancellation (39) .
Simulation protocols. Two sets of simulations were performed. The first comprised simulations at target forces of 20, 40, and 60% MVC that were sustained to task failure. The descending drive to the antagonist muscle during the 40% MVC contraction was defined as the mean value between those defined for the 20 and 60% MVC contractions, for which experimental data are available (47) . The second set of simulations comprised 30-s ramp contractions (0 -100% MVC without antagonist activity) that were repeated several times with different initial values for motor unit conduction velocity. The mean conduction velocity for each simulated ramp was fixed to one value in the physiological range of 2.7 to 5 m/s, with the values distributed around the mean value according to Eq. 2. This approach made it possible to obtain the EMG amplitudes that corresponded to all combinations of conduction velocity and muscle activation levels, so that the dependence of EMG amplitude and amplitude cancellation on these two parameters could be derived. Figure 2 shows the simulated synaptic input for a medium threshold motor unit, the discharge rate of one low-and one high-threshold motor unit (recruitment thresholds Ͻ1% MVC and 30% MVC, respectively), and the EMG during a contraction at 20% MVC force. In this example, the descending drive increased throughout the contraction to oppose the change in afferent input and the decrease in the ability of the muscle to produce force. The net synaptic input received by the motor neuron pool failed to reach maximal levels at task failure ( Fig.  2A) . Similar to experimental observations (8, 10, 13, 32, 50) , the low-threshold motor unit (unit 1) was active throughout the contraction and exhibited a slight decrease in discharge rate, whereas the higher-threshold unit (unit 100) was fully recruited during the contraction after a period of ϳ35 s with sporadic, highly variable discharge times (discharge rate Ͻ 2 pps, coefficient of variation for discharge rate Ͼ 70%) and from that point exhibited an increase in mean discharge rate over time from ϳ5 pps to ϳ14 pps (Fig. 2B) . Figure 3 depicts the force traces and the trends in average rectified EMG amplitude (calculated in 10-s epochs) for the contractions sustained at 20, 40, and 60% MVC force. The force variability was within the physiological range for all contraction levels (15) . The EMG amplitude increased over time for all contractions but did not reach the maximal level ( Table 2 ). The error bars in the figure indicate the variability introduced by the 10 motor unit locations. The simulated EMG amplitudes at the beginning of the contraction and at task failure were compared with experimental findings from the FDI (10, 30, 47) . A regression analysis indicated a strong linear association for the mean values of the simulated and experimental data at the beginning (Fig. 4A , r 2 ϭ 0.79) and end (Fig. 4B, r 2 ϭ 0.78) of the fatiguing contractions. There was a modest linear increase in the antagonist surface EMG amplitude and the force exerted by the antagonist muscle ( Table 2 ).
RESULTS
The median power frequency of the EMG declined linearly for all contraction levels, as observed experimentally (12, 30, 49) (Table 2 ). The magnitude of the decline for the 20% MVC contraction corresponded well with those observed experimentally for the FDI (30), whereas the simulated declines were smaller than those observed experimentally for the stronger contractions. The values for median power frequency were generally overestimated with respect to experimental observations (30, 43) ; however, this may be explained by the high sensitivity of this measure to anatomic, physical, and detectionsystem parameters (23) . The initial degree of amplitude cancellation was similar for all contractions (36.5-38.3%) and increased only slightly during the fatiguing contractions, with the greatest increase (ϳ5%) for the 20% MVC contraction ( Table 2 ). Figure 5 reports the trends in the level of neural drive to the muscle (the number of motor unit action potentials) (Fig. 5A ) the level of muscle activation (number of muscle fiber discharges) (Fig. 5B) , and the average conduction velocity for all active motor units (Fig. 5C ) for the three sustained contractions. After an initial brief increase in the neural drive during all three contractions, the value declined (Fig. 5A) , mainly due to an increase in inhibitory afferent input. Despite the decline in neural drive, the target force was maintained due to the prolongation of the motor unit twitch contraction time as characterized by the leftward shift of the force-frequency relation (61) . The progressive decline in motor unit force, however, eventually required the recruitment of additional motor units when the target force was less than the upper limit of motor unit recruitment (60% MVC force). The gradual recruitment of additional units is reflected as an increase in neural drive for the 20% MVC contraction, but not the 40% MVC contraction (Fig. 5A) . Despite the decline in the neural drive to the muscle during the contractions at 40% and 60% MVC, the muscle activation level increased (Fig. 5B ) due to the high innervation numbers of the later recruited motor units. The motor unit conduction velocities declined during the three contractions, but at the fastest rate during the 60% MVC contraction (Fig. 5C and Table 2 ). Figure 6 shows the relation between the neural drive to the muscle (number of motor unit action potentials) and the muscle activation level (number of muscle fiber action potentials) for different levels of fatigue. The nonlinearity of this relation is attributable to the distribution of innervation number across the motor unit pool with the largest motor unit having the greatest innervation number. As the conditions at task failure for the three contractions involved a decrease in the net synaptic input, neither the neural drive nor the muscle activation level reached the maximal value (nonfatigue curve). The shift of the relation indicates that the contribution of motor units of different size to the total number of motor unit action potentials is redistributed in fatigue. At task failure for the 20% MVC simulation, for example, the maximal effort contraction involved a 30% depression of the neural drive (corresponding to a maximal value of the 20%-MVC curve in Fig. 6 of ϳ70% of motor unit action potentials) and a 50% decrease in the muscle activation level (muscle fiber action potentials less than 50% of the maximum in the 20%-MVC curve in Fig. 6 ) relative to the maximal values in nonfatigued condition. Similarly, the neural drive for all other contractions was decreased less than that of the muscle activation level at task failure with respect to nonfa- tigued condition (maximal values on the horizontal and vertical axes, respectively, of the curves in Fig. 6 ). This adjustment indicated that motor units with the greatest innervation numbers exhibited the greatest fatigue-related depression in discharge rate. The relations shown in Fig. 6 , however, depend on the distribution of innervation numbers across the motor unit pool and likely differ across muscles (21) . Figure 7 indicates the relations between the average rectified EMG amplitude and muscle activation level (number of muscle fiber action potentials) for different values of mean motor unit conduction velocity (2.8, 3.4, 4.0, and 5.0 m/s; each indicating different changes in the intracellular action potential), and between EMG amplitude and mean conduction velocity when varying number of motor unit action potentials (10, 40, 70 , and 100% MVC). These associations were derived from the second set of simulations (ramp contractions). The analysis reveals that the muscle activation level was linearly associated with EMG amplitude (Fig. 7A) , but that the slope of this association depended on conduction velocity. Because the muscle activation level was not linearly related to the neural drive (Fig. 6 ) and this association was modulated by fatigue, the EMG amplitude was not consistently related to the neural drive (results not shown). As the association between muscle activation level and EMG amplitude was influenced by conduction velocity (Fig. 7A) , the relation between conduction velocity and EMG amplitude was approximately inversely linear (Fig.  7B) , as observed experimentally (44) , except during severe fatigue (conduction velocity Ͻ3.2 m/s). The greatest EMG amplitudes occurred at 3.2-3.3 m/s. Both the muscle activation level and the mean conduction velocity influenced the degree of amplitude cancellation (Fig. 7, C and D) . Amplitude cancellation was not related to the muscle activation level, except at low levels (Ͻ10%), and was inversely correlated with mean conduction velocity (39) . These results indicate that despite the submaximal EMG amplitude at task failure being mainly due to a decrease in the number of muscle fiber action potentials, neither the muscle activation level nor the neural drive can be consistently inferred from the level of EMG amplitude. The first association is hindered by the dependence of EMG amplitude on conduction velocity (Fig. 7A) , whereas the second is confounded by the nonlinear relation between number of muscle fiber and motor unit action potentials (Fig. 6 ). Figure 7 however should be interpreted with caution because it was derived with fixed values of motor unit conduction velocity to simulate all combinations of muscle activation and conduction velocity. As both the muscle activation level and motor unit conduction velocity are depressed at task failure relative to maximal values, not all values of EMG amplitude reported in Fig. 7 correspond to physiologically relevant combinations; for example, the EMG amplitude of ϳ130% MVC obtained at the maximal level of muscle activation (100%) and mean motor unit conduction velocity of ϳ3.2 m/s is not feasible because maximal levels of muscle activation can only be achieved in nonfatigued conditions and a conduction velocity of 3.2 m/s denotes severe fatigue. . Neural drive (number of motor unit action potentials) (A), muscle activation level (muscle fiber action potentials) (B), and average motor unit conduction velocity (C) during the 3 sustained contractions. The neural drive and the muscle activation level were normalized to the values obtained during maximal efforts in the absence of fatigue. Fig. 6 . Relation between neural drive (number of motor unit action potentials) and muscle activation level (number of muscle fiber action potentials) during the simulated ramp contractions in the absence of muscle fatigue (nonfatigue) and in the conditions associated with task failure (TF) for the sustained contractions at 20, 40, and 60% MVC. Fatigue caused a leftward shift of the curve due to the differences in discharge rate experienced by the motor units in the three tasks.
DISCUSSION
The revised model was able to simulate the amplitude (Fig.  4 ) and spectral characteristics (Table 2 ) of the surface EMG during sustained submaximal contractions similar to those observed experimentally (30, 47) . Given this capability, the goal of the study was to use the model to identify those neuromuscular adjustments responsible for the depression of EMG amplitude at task failure after sustaining submaximal contractions for as long as possible. Despite the limitations inherent to computational studies, this approach was necessary as it is difficult to distinguish the influence of peripheral and central adjustments during fatiguing contractions experimentally. For example, the synaptic input received by the motor neurons comprises concurrent increases in inhibitory afferent feedback (9, 31) and excitatory descending drive (37, 59) . Furthermore, the durations of motor unit action potentials are prolonged during fatiguing contractions, which has opposite effects on EMG amplitude due to increases in the power of each action potential (18) and in the degree of amplitude cancellation (39) . Although previous modeling studies have investigated the influence of fatigue-related changes in motor unit action potentials on the EMG amplitude (17, 41, 57) , the present study is the first to examine the relative significance of several different adjustments in realistic simulations of isometric contractions at different forces.
In the analysis of the simulation results, a distinction was made between the neural drive to the muscle (quantified by the number of motor unit action potentials) and the level of activation of the muscle induced by the neural drive (quantified by the number of muscle fiber action potentials). These two measures are not equivalent due to the distribution of innervation numbers across the motor unit pool.
The simulations enabled the derivation of theoretical relations between the level of muscle activation and both average motor unit conduction velocity and EMG amplitude (Fig. 7) .
The linear relation between muscle activation level and EMG amplitude (Fig. 7A ) and the significant increase in muscle activation during the 20 and 40% MVC contractions (Fig. 5B) indicate that the level of muscle activation is the main factor constraining the EMG amplitude at task failure. This interpretation is consistent with the associations between the trends in EMG amplitude (Fig. 3 ) and the level of muscle activation for the three submaximal contractions (Fig. 5B) . Based on the parts of the model described previously (15) , the results indicated that the inability of the nervous system to increase the level of muscle activation to near-maximal levels was due to a decrease of the net synaptic input to the motor neurons with respect to the maximal input in the absence of fatigue ( Fig. 2A) .
Despite the simulations suggesting that the EMG amplitude is closely related to the reduction in the level of muscle activation during fatiguing contractions, the depression in the EMG amplitude cannot be used to infer the relative depression in the level of muscle activation because the slope of this association is influenced by changes in conduction velocity (Fig. 7A) . Moreover, the relation between the magnitude of the deficit in neural drive (the number of motor unit action potentials) and the deficit in EMG amplitude is not consistent due to the nonlinear relation between the neural drive and muscle activation level (Fig. 6 ). These conclusions are consistent with previous reports (16, 18, 27) .
The simulation results showed that the levels of neural drive and muscle activation had different effects on EMG amplitude. The neural drive was nonlinearly related to EMG amplitude due to the exponential distribution of innervation number across the motor unit pool. In contrast, the level of muscle activation was more directly related to EMG amplitude (Fig. 7A) , although the shapes of the action potentials also influenced this association (Fig. 7B) . Furthermore, the fatigue-related decline in discharge rate varies with motor unit size (15) , which influences the relation between the level (B, D) . The values of conduction velocity were imposed to simulate the EMG in all combinations of muscle activation (0 -100%) and conduction velocity (3-5 m/s). The maxima of the curves in A are at lower level conduction velocities for the low levels of muscle activation, since in these cases large motor units (with the highest values of conduction velocity) were not recruited. It is important to note that the entire range of combinations of values of muscle activation level and conduction velocity cannot be achieved experimentally since these are not independent variables. number of active motor units and the number of active muscle fibers during the contraction (Fig. 6) .
EMG amplitude was also influenced by the changes in the shape of the motor unit action potentials with fatigue, especially in the early stages of the contraction when the level of muscle activation was either stable or decreased (Fig. 5B) . For example, the increase in EMG amplitude during the 60% contraction (Fig. 3B) can only be attributed to changes in the shape of the motor unit action potentials due to the absence of a change in the level of muscle activation (Fig. 5B) . Close to task failure of the 20% MVC contraction, however, the slow conduction velocities (Ͻ3.2 m/s) dampened the decrease in EMG amplitude caused by the significant increase in the level of muscle activation (Fig. 5B) , due to the nonlinear relation between conduction velocity and EMG amplitude (Fig. 7B) .
The simulated levels of amplitude cancellation had a negligible influence on these trends as it changed only slightly during the contraction (Table 2) , even though previous reportings indicate that significant changes in amplitude cancellation can occur in fatigue (39) . Although the simulation results support this finding (Fig. 7, C and D) , the conditions in which amplitude cancellation is maximal were not achieved with the current simulations (20, 40, and 60% MVC) .
Limitations of the model. It has been suggested that the submaximal EMG amplitude at task failure could be due to both a decrease in the number of motor unit action potentials and an impairment of neuromuscular propagation (30) . However, several experimental studies concluded that neuromuscular propagation is not typically impaired during voluntary fatiguing contractions (7, 42, 58, 60) , which is why this phenomenon was not included in the present model. Furthermore, the present results, as well as previous simulation results (40) , indicate that even without a deficit in neuromuscular propagation, the EMG amplitude does not reach maximal levels at task failure.
Similarly, EMG amplitude could be modulated by an increase in motor unit short-term synchronization (4, 44, 63) , but it is not known how this parameter changes during fatiguing contractions (31) . Experimental observations in an intrinsic hand muscle indicate that short-term synchronization increases only slightly during fatiguing contractions (14) , and is therefore unlikely to have a substantial influence on the changes in the EMG amplitude. Accordingly, shortterm synchronization was not included in the present simulations.
The observation that motor units can be derecruited during sustained contractions (6, 62) was also not included in the present study due to the constraints of the task. As the task was to maintain the target force, the derecruitment of a motor unit would require either the recruitment of another motor unit (6, 62) or an increase in the discharge rate of active motor units thereby largely eliminating the long-term effect on the EMG amplitude. Furthermore, such adjustments have usually only been observed during weak contractions (6, 62) or those that are sustained beyond the task failure (53) and conversely not during moderate contraction levels (1) .
As the model equations were based on a large number of experimental observations performed in different conditions and subjects, the simulation results are expected to reflect only general trends and it is not appropriate to compare the results at the level of the individual subject. Although some intersubject variability was introduced by varying the locations of the motor units in the muscle when simulating the EMG, any interpretation beyond general trends should be made with caution. Perhaps the greatest uncertainty of the present study was the model of motor unit conduction velocity. The knowledge in this area is limited, partly due to the technical difficulties related to measuring conduction velocity for the entire motor unit pool. Therefore, the implemented relation between muscle fatigue and decline in motor unit conduction velocity (Eq. 3) represents a simplified version of the detailed mechanisms that operate at the level of the fiber membrane. Although more detailed models of the influence of potassium concentration on motor unit conduction velocity have been proposed (28) , changes in potassium concentrations and other ions (e.g., calcium) in each muscle fiber and in the extracellular space of the muscle during fatiguing contractions are difficult to describe quantitatively and thus to include in an integrative model.
In conclusion, the simulated results were similar to experimentally observed trends in the surface EMG during sustained, submaximal contractions (Fig. 4) . At task failure, the level of muscle activation (the number of muscle fiber action potentials) was depressed due to a decrease in synaptic input relative to the level reached in maximal contractions without fatigue. The decrease in net synaptic input was attributable to a net decrease in the level of afferent feedback and a decline in the capacity of the central nervous system to provide maximal excitation (Fig. 2) . In addition to the depression of muscle activation, EMG amplitude was also influenced, although to a lesser extent, by the fatigue-induced changes in the shape of the motor unit action potentials. Despite the influence of the neural drive (number of motor unit action potentials and the level of muscle activation) on EMG amplitude, the depression of EMG amplitude at task failure cannot be used to infer the deficits in either of these parameters.
